Cell surface antigen expression during proliferation and differentiation of human erythroid progenitors was examined using a combination of sequential micromanipulatioris of paired daughter cells derived from erythroid burst-forming units (BFU-E) and immuno-staining with a panel of monoclonal antibodies. Single hematopoietic progenitors were identified in methylcellulose cultures containing human cord blood mononuclear cells and micromanipulated individually to secondary culture. Paired daughter cells, granddaughter cells, and subsequent generations, whose counterparts produced erythroid bursts, were stained with various cytochemical and immuno-alkaline phosphatase stainings. Most paired daughter cells of BFU-E immunostained positively with anti-RYTHROPOIESIS involves the commitment, prolifer-E ation, and differentiation of hematopoietic progenitor cells in the erythroid lineage, and the acquisition of functional and structural properties associated with erythrocyte physiology. Erythrocytes contain hemoglobin, which supplies oxygen to all body cells exchanging carbon dioxide. Recent characterizing human bone marrow cells have indicated several surface antigens that can be regarded as selective markers for cells of erythroid lineage. Differentiating hematopoietic cells generally undergo marked structural and functional changes that can be related to different ontogenic levels3 Studies of lymphoid, myeloid, megakaryocytelplatelet, and erythroid lineages have shown that these chapges are paralleled by an alteration in their antigenic profiie~.l,~+~ Furthermore, the expression of cell surface antigens on heterogeneous populations of morphologically unrecognizable hematopoietic progenitors (erythroid burst-forming units [BFU-E] and erythroid colony-forming units [CFU-E]) has been shown using complement-mediated cytolytic assays and the fluorescenceactivated cell sorter in conjunction with clonogenic assays.
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We report the recognition of human erythroid lineage cells during proliferation and differentiation based on the selective expression of cell surface antigens and hemoglobin, detected by a combination of micromanipulation and immunostaining with a panel of monoclonal antibodies (MoAbs) raised against human hematopoietic cells.
Culture of single progenitors. Single-cell manipulation procedures were similar to those described p r e v i o~s l y .~~~~~ Briefly, after about 24 to 36 hours of culture of cord blood MNC, single progenitors were identified that were likely to be colony-forming cells based on cell size, refractile nature, translucent cytoplasm, ceaseless shape changing, and the ability to migrate. A single cell was lifted from the methylcellulose medium using a fine Pasteur pipette (with an internal diameter of approximately 30 pm) attached to a micromanipulator (Ernst Leitz Ltd, Wetzlar, Germany) under an inverted microscope at ~2 0 0 magnification and transferred to a newly prepared second culture dish containing 1 mL of methylcellulose medium with same concentrations of Epo, IL-3, and IL-6 as described above. After gentle agitation, the presence of a single cell was confirmed in each culture dish by microscopicvisualization in situ, and the location of the transferred single cell was recorded with a two-dimensional scale on an inverted microscope. The second set of dishes were then incubated at 37°C in 5% COz in air.
After about 15 to 24 hours of incubation, areas recorded in about three fourths of the second set of dishes, which were chosen randomly, were observed under an inverted microscope. When doublets derived from single progenitors were found, one of each pair of daughter cells was lifted individually from the methylcellulose culture using a micromanipulator under an inverted microscope, collected in Eppendorf microcentrifuge tubes containing 0.5 mL of phosphate-buffered saline (PBS), washed twice with PBS, and resuspended in 50 pL PBS containing 5% BSA. The samples were immediately spun in a cytocentrifuge (Cytospin; Shandon Southern Instruments, Sewickley, PA) at 800 rpm for 5 minutes and processed for staining. The counterparts of each paired daughter cells were allowed to mature in the second dishes at 37°C in 5% COz in air. After an additional 13 days of incubation, all culture dishes containing one of each pair of daughter cells were inspected for the presence of colonies, which were lifted from the methylcellulose medium using a 3-pL Eppendorf pipette under direct microscopic visualization. Cytospin slides were made and stained with May-Griinwald-Giemsa to determined the cellular composition of individual colonies.
Manipulation of subsequent dividing cells, After 2 to 14 days of secondary culture, the areas recorded in the remaining one fourth of the second dishes were observed under an inverted microscope. When cell aggregates derived from single progenitors were found, half of each was lifted as described above and collected individually in Eppendorf microcentrifuge tubes containing 0.5 mL of PBS. After washing twice with PBS, the samples were spun in a cytocentrifuge and processed for staining. The other half of each cell aggregate was allowed to mature at 37°C in 5% COz in air. On the 14th day of incubation, all culture dishes containing halves of each cell aggregate were inspected for the presence of colonies, on Cytospin slides stained with May-Griinwald-Giemsa.
Compkmnt-mediated cytotoxicity against hematopoietic progenitors. Expressions of cell surface antigens on hematopoietic progenitors in umbilical cord blood MNC were examined using a complement-mediated cell cytotoxicity assay. Both a rabbit antimouse IgG serum (Cappel, Durham, NC) and rabbit complements (Cedarlane, Hornby, Ontario, Canada) were preabsorbed with cord blood MNC on ice for 45 minutes. One million MNC in 50 ILL a-medium were incubated with 50 pL MoAbs specific to CD34, CD4la, cold medium, the cells were reincubated with 50 pL of a rabbit antimouse IgG serum on ice for 45 minutes followed by washing. The cells were incubated with 150 pL of rabbit complements at 37°C for 60 minutes, washed, then cultured in the methylcellulose medium supplemented with the same concentrations of Epo, IL-3, and IL-6 as described above. The data are expressed as the mean f SD of triplicate plates containing 5 x 103 cells. The probability of significant differences was determined according to Student's t-test.
Staining. Staining with May-Griinwald-Giemsa, cytochemical reactions with myeloperoxidase (MPO), naphthol AS-D chloroacetate (NASDCA) esterase, a-naphthyl butylate (ANB) esterase, acid phosphatase (ACP), alkaline phosphatase (ALP), and periodic acid-Schiff (PAS) reagent were performed by conventional methods,2l and toluidine-blue staining was performed by using a previously described method.22 MoAb reactions were detected using the alkaline phosphatase antialkaline phosphatase (APAAP) method.u Briefly, cytocentrifuged samples were fixed with buffered formalin-acetone or cold acetone (4"C), washed with PBS, and preincubated with normal rabbit serum to saturate the Fc receptors on the cell surface. After washing with PBS three times, the samples were incubated with mouse monoclonal antibodies for 30 minutes at room temperature in a humidified chamber. After washing three times, the samples were incubated with rabbit antimouse IgG antibody (Medical and Biological Laboratories Ltd, Nagoya, Japan), washed three times, and successively reacted with calf intestinal alkaline phosphatase-mouse monoclonal antialkaline phosphatase complex (DAKOPATTS ah). Finally, alkaline phosphatase activity was detected with naphthol AS-TR phosphate sodium salt (Sigma Chemical Co, St Louis, MO) and fast red TR salt (Sigma) in pH 7.6, 40 mmol/L barbital buffer containing levamisole (Sigma) to inhibit nonspecific alkaline phosphatase activity. Positive reactions were stained with reddish granules. Umbilical cord blood of blood group AB was used as the source of the hematopoietic progenitors to analyze the expression of blood group A antigen.
Manipulation ofpairedprogenitors.

RESULTS
F~~~
umbilical cord blood MNC cultured for 24 to 36 hours, 3,264 single cells that were potential hematopoietic progenitors were identified in situ under an inverted microscope and micromanipulated individua11y to secondary cu1ture dishes. After about 15 to 24 hours of secondary culture, 2,447 of these cells were randomly selected to identify paired daughter cells. Of these, 2,218 cells produced doublets. One of each paired daughter cell was lifted and processed for cytochemical and immunologic stainings as described in ~~~~~i~ and Methods. The counterparts of each paired daughter cell were allowed to mature for an additional 13 days. Of these 2,218, 1,994 cells produced 117 eosinophil, 81 megakaryocyte, 76 neutrophil, 43 basophil, and 333 mixed hematopoietic colonies consisting Of cells in two to six different lineages.
Because it is difficult to harvest one cell on a Cytospin slide after washing mice, only 398 cells of 2,218 micromanipulated paired daughter cells were identified on the Cytospin slides stained with various cytochemical and immunologic stainings. Three hundred sixty-one countererythroid bursts, l4 megakaryoqte, 22 macrophage7 l3 eosinophil, 7 neutrophi1, 3 basophi1, and 47 mixed hematopoietic CO1OnieS.
Because the number of micromanipulated paired daughc~~~~~~~~~~~~ ofpaired daughter celh of BFu-E.
and the cellular composition of individual colonies were examined colonies inc1uding 1,21 1 erythroid bursts, 133 macrophage7
CD4lb, and CD61 on ice for 45 minutes. After washing twice with parts Of these 398 ce11s produced co1onies inc1uding 255
For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From ter cells, whose counterparts produced colonies other than erythroid bursts, was too small to analyze cytochemically and immunologically, successful 255 paired daughter cells, whose counterparts produced erythroid bursts, were analyzed using various cytochemical and immunologic stainings. We obtained 36 paired daughter cells whose counterparts produced erythroid bursts, from the Cytospin slides stained with May-Griinwald-Giemsa. Morphologic analyses of these cells showed that they had a diameter of about 14 to 22 km (mean ? SD: 18.0 2 2.1), an oval or soy bean shaped nucleus with an indistinct nucleolus and a fine chromatin pattern, dark blue cytoplasm with a relatively poorly stained perinuclear or paranuclear zone, a few azurophilic granules in the paranuclear zone, some small vacuoles throughout the basophlic cytoplasm and occasionally, a transformed cell shape. A representative paired daughter cell stained with May-Griinwald-Giemsa and the in situ appearance of an erythroid burst derived from its counterpart are presented in Fig 1A and B, respectively.
Acid phosphatase activity was positive in all of 10 paired daughter cells from BFU-E in the form of coarse granules in the paranuclear zone. A representative acid phosphatase reaction from a pair of daughter cells and the in situ appearance of an erythroid burst derived from its counterpart are shown in Fig 1C and D, respectively. However, all other stainings, including MPO, NASDCA esterase, ANB esterase, ALP, PAS, and toluidine-blue were negative.
Cell surface antigens of paired daughter cells whose counterparts produced erythroid bursts were analyzed on Cytospin slides stained with APAAP using a panel of MoAbs. Although neither My10 nor My9 antibody reacted with any of the cells, most of the cells were positive for anti-GPIIb, anti-HLA-DR, and anti-TfR antibodies (Table  1) . Representative paired daughter cells stained with antiGPIIb, anti-HLA-DR, and anti-TfR antibodies are shown in Fig 2A, B , and C, respectively. It is of interest that most of the paired daughter cells of BFU-E were positive for anti-GPIIb (CD4lb). This suggests that early erythroid progenitors express GPIIb/IIIa complexes as well as megakaryocytic cells." To test this premise, we examined the expressions of GPIIb/IIIa complex (CD4la) and GPIIIa (CD61) on the cell surface of paired daughter cells using immunologic staining. Twenty-six of 33 paired daughter cells of BFU-E were positive for the anti-GPIIb/IIIa complex, but most of the paired daughter cells (34 of 37) were negative for anti-GPIIIa.
Characterization ofgranddaughter cells derived from BFU-E. Granddaughter cells (third generation) were derived from more than 80% of the micromanipulated single cells on the second day of incubation. Two of these cells (four dividing cells) were lifted from the methylcellulose medium and processed in the same manner as described for the paired daughter cells. A total of 187 granddaughter cells whose counterparts produced erythroid bursts were characterized on Cytospin slides stained with various cytochemical and immunologic stainings. Analyses of 18 granddaughter cells stained with May-Grunwald-Giemsa found that they had the same characteristics as the paired daughter cells. Acid phosphatase positive granules were also found in the paranuclear zones of all granddaughter cells. In addition, all other stainings including MPO, NASDCA esterase, ANB esterase, ALP, PAS, and toluidine-blue were negative. As shown in Table 1 , examination of antigen expression on the cell surface of granddaughter cells showed that anti-HLA-DR and anti-TfR antibodies were weakly positive in most of them, but the percentage of positive cells for GPIIb antibody was decreased compared with that of paired daughter cells of BFU-E. Although the O W 5 reactive antigen was negative on the cell surface of all of granddaughter cells, positive staining was observed in 17 of 26 of those that had a granular pattern in the area of the Golgi apparatus.
Changes in cell surface antigen expression during subsequent cell division. After 3 to 14 days of secondary culture, we found cell aggregates from over 70% of micromanipulated single cells. Cell aggregates derived from BFU-E were easily distinguished under an inverted microscope in situ from those derived from other hematopoietic progenitors because of their characteristic dispersed distribution of cell aggregates consisting of translucent large round cells. Approximately half of the individual cell aggregates were lifted from the methylcellulose medium using a micromanipulator, collected in Eppendorf microcentrifuge tubes, processed for May-Grunwald-Giemsa staining, and examined 
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for cell surface antigen expression using a panel of monoclonal antibodies. The other half of the cell aggregates were allowed to mature and produce an erythroid burst. Changes in cell surface antigen expression determined with the MoAb panel are shown in Table 1 . Representative cells stained with OKM5 (7 days of second culture), anti-GPA (8 days) and anti-HGBa antibodies (8 days) are presented in Fig 2D, E, and F, respectively. Morphologic analyses of May-Griinwald-Giemsa stained granddaughter cells to 16 cells, showed almost the same characteristics as those found in paired daughter cells. Cell aggregates consisted of only blastic cells before 6 days of secondary culture, when proerythroblasts were first identified by their morphologic characteristics. Proerythroblasts were large in diameter, with large round nuclei containing finely dispersed chromatin and one or more dark brown nucleoli, and scanty deep blue cytoplasm. Basophilic erythroblasts and polychromatophilic erythroblasts were first observed in cells from aggregates after 7 days of secondary culture. Moreover, orthochromatic erythroblasts and erythrocytes were observed in cells from aggregates on 8 and 11 days of secondary culture, respectively (Table 2) .
Complement-mediated cytotoxicity against hematopoietic progenitors. The results of a complement-mediated cytotoxicity assay against hematopoietic progenitors in umbilical cord blood MNC are shown in Table 3 . Pretreatment of cord blood MNC with anti-CD34 antibody and complements resulted in a significant decrease of the number of erythroid bursts. Antibodies for CD4la and CD4lb, but not CD61, were also cytotoxic to BFU-E.
Morphologic changes of erythroid lineage cells.
DISCUSSION
In the present study, we examined the morphologic and immunologic characteristics of paired daughter cells, granddaughter cells and subsequent dividing cells whose counterparts produced erythroid bursts. However, it cannot be concluded that all the cells analyzed in this study were derived from BFU-E only, because a disparate differentiation of paired daughter cells derived from individual multipotential hematopoietic progenitors has been re- Data represent the mean f SD of triplicate plates containing 5 x IO3 umbilical cord blood mononuclear cells.
Abbreviations: C, complement; E, erythroid bursts; GM, granulocyte and/or macrophage colonies; M, megakaryocyte colonies; Blast, blast cell colonies. *Significantly different from C alone (P < .02).
tsignificantly different from C alone (f < .01).
ported." It is possible that one of the paired daughter cells derived from a multipotential hematopoietic progenitor produced an erythroid burst and that the counterpart, which was examined morphologically and immunologically, had the capacity to differentiate into the cells other than erythroid lineage. However, our recent studies of a sequential micromanipulation of paired daughter cells derived from single hematopoietic progenitors indicated that when one of the paired daughter cells produced an erythroid burst, about 88% of the counterparts of the cells also did SO.^ Therefore, most of the paired daughter cells, whose counterparts produced erythroid bursts, were considered to be derived from BFU-E in the present study.
Civin et a125,26 have shown that My10 reactive antigen (CD34 antigen) is specifically expressed in primitive human hematopoietic progenitor cells including BFU-E. Our preliminary experiments indicated that purified CD34 positive cells but not CD34 negative cells separated from human cord blood MNC produced erythroid bursts (data not shown). A complement-mediated cytotoxity assay has also revealed that BFU-E are sensitive to the pretreatment with anti-CD34 antibody and complements, suggesting that CD34 antigen is expressed on the cell surface of BFU-E. However, the present studies showed that CD34 antigen disappeared from the surface of paired daughter and granddaughter cells derived from BFU-E, suggesting two possibilities: (1) CD34 antigen is expressed on the cell surface from primitive hematopoietic progenitors to BFU-E but not descendants of BFU-E, or (2) CD34 antigen disappears from the cell surface of cells in a cell-cycle state. Clarification of the physiologic function of CD34 antigen will show which possibility is correct. The antigen identified by My9 antibody (CD33 antigen) was expressed on immature myeloid and monocytic cells and blastic cells from acute myeloblastic leukemia. 27 Andrews et a1 have reported that L4F3 MoAb (CD33) recognized an antigen expressed on in vitro colony-forming cells including granulocyte and macrophage colony-forming units (CFU-GM), megakaryocyte colony-forming units (CFU-Meg), BFU-E, and mixed colony-forming units (CFU-Mix)F8 Our observation is that CD33 antigen was absent from both paired daughter and granddaughter cells derived from BFU-E.
HLA-DR antigen is expressed on the cell surface of CFU-GM and BFU-EZ9 but not on pluripotential stem cells.3O However, it is unclear whether HLA-DR antigen is expressed on CFU-E. Winchester et alZ9 reported that both BFU-E and CFU-E were inhibited or killed by anti-Ia antibody and complement. In contrast, Robinson et aP1 failed to confirm the expression of HLA-DR on the cell surface of CFU-E using an immunofluorescent method. In our study, HLA-DR antigen was observed on most paired daughter and granddaughter cells of BFU-E. However, the frequency of the positive cells in individual cell aggregates derived from a single BFU-E decreased during cell division. After 4 days of second culture, most constitutent cells of cell aggregates were negative for HLA-DR antigen. These observations suggest that the transient expression of HLA-DR may have a regulatory role on early erythropoiesis.
GPIIb/IIIa antigen is expressed on mouse pluripotential stem cells (CFU-S),32 and human multipotent hematopoietic progenitor^^^ as well as CFU-Meg. Geissler et aP4 and Levene et a17 reported that the GPIIb/IIIa complex was partially expressed at the level of BFU-E. In contrast, Fraser et a133 reported the absence of the GPIIb/IIIa complex on BFU-E as well as CFU-GM. In this study, we examined the expression of GPIIb, IIIa, and IIb/IIIa complex on the cell surface of BFU-E and their descendants using a complement-mediated cytotoxicity assay and immunostaining method. Pretreatment of cord blood MNC with either anti-GPIIb or anti-GPIIb/IIIa complex antibodies in combination with complements resulted in a significant decrease of erythroid burst formation, though GM colony growth was not affected by exposure to these antibodies and complements. Immunostaining of paired daughter cells, whose counterparts produced erythroid bursts, showed that most cells were positively immunostained with anti-GPIIb and anti-GPIIb/IIIa complex antibodies. These results suggest that GPIIb and GPIIb/IIIa antigens are expressed on human BFU-E and their daughter cells. However, a question remains as to whether erythroid bursts in our cultures were derived from true BFU-E restricted to only erythroid lineage. It is still possible that the apparent restriction to erythroid differentiation in our erythroid bursts may be attributable to limiting culture conditions and that these bursts are derived from bipotential progenitors capable of differentiating into both erythroid and megakaryocytic lineages (EM progenitors), because it has been suggested that the erythroid and megakaryocytic lineages are closely asso~iated.3~ Our previous sequential micromanipulations of single hematopoietic progenitors showed that colonies containing megakaryocytes were produced by only 7.2% of the counterparts of the paired daughter cells, one of which produced erythroid bursts in the presence of 5% medium conditioned by phytohemagglutinin-stimulated leukocytes and 2 U Epo, which are considered to be optimal for mixed hematopoietic colony formation in conventional undisturbed culAlthough it is unclear whether culture conditions used in this study are optimal for the development of megakaryocytic lineage, our conditions seem to allow for it, because we obtained 81 pure megakaryocytic colonies and 87 mixed erythroid-megakaryocytic colonies from 2,218 paired daughter cells. These observations suggest that differentiation in the erythroid bursts reflect commitment of their progenitors and not restriction imposed by culture artifacts. It is unlikely that bipotential EM progenitors, which express GPIIb and GPIIb/IIIa antigen, differentiate to only erythroid lineage and that their descendants lose these antigens. It is of interest that anti-GPIIIa antibody did not react to BFU-E and their daughter cells. Two possibilities are suggested. (1) GPIIb exists as GPIIb/IIIa complex, but the anti-GPIIIa antibody used in our experiments was not reactive to GPIIb/IIIa complexes on erythroid progenitors. Namely, the conformation of GPIIb/ IIIa complexes expressed on erythroid progenitors differs from that of GPIIb/IIIa complexes expressed on megakaryocyte/platelet lineage cells. (2) GPIIb exists as a new complex of GPIIb and a novel p chain of integrins, which has an epitope capable of reacting with an anti-GPIIb/IIIa complex antibody. Further studies will need to clarify the functional roles of GPIIb/IIIa molecules in the proliferation and differentiation of erythroid progenitors.
Edelman et a12 reported that CD36 antigen (thrombospondin receptor or platelet glycoprotein IV) was expressed on mature monocytes/macrophages, megakaryocytes/platelets, and erythroid lineage cells from BFU-E to reticulocytes, but not on lymphocytes and granulocytes, using an FA6-152 monoclonal antibody obtained by immunizing mice with fetal erythrocytes. Our study, using the OKM5 MoAb, showed that the CD36 antigen was expressed on the cell surface of 32 to 64 dividing cells derived from BFU-E. In addition, we observed a positive OKM5 antibody reaction in the region of the Golgi apparatus of granddaughter cells of BFU-E. These results suggested that synthesis of CD36 antigen started in the Golgi apparatus in early erythroid progenitors.
It has been reported that TfR, which was expressed on 
11
days in secondary c u l t u r e the cell surface of activated T lymphocyte^^^ and monocytes/ macrophage^:^ is expressed at the BFU-E stage and disappears at the late reticulocyte ~t a g e . 2 ,~~ These observations may be related to cell activation or the unique requirement of large quantities of iron for hemoglobin synthesis in erythroid cells. These reports were confirmed by our studies, that TfR was expressed on the cell surface of most paired daughter cells of BFU-E and disappeared from the cells harvested from erythroid bursts, and that it preceded the expression of CD36, blood group A antigen, GPA, and HGBol.
GPA, band 3, and spectrin are specific membrane components of mature erythrocytes. Loken et aP8 reported that GPA was present on the erythroid progenitor, CFU-E, but others have reported that GPA was first expressed on the cell surfaces of p r o e r y t h r~b l a s t s~.~~~~ or basophilic-erythroblasts.40 In our experiments, GPA was detected in the cells from cell aggregates consisting of 128 to 256 cells after 6 days of secondary culture, when proerythroblasts were first identified on the Cytospin slides stained with MayGrunwald-Giemsa. Sieff et a1 reported that blood group A antigen was expressed on BFU-E, CFU-E, and CFU-GM and that this expression preceded GPA and band 3 expression in erythropoiesis.' On the other hand, Karhi et a14' IJ erythroblasts; poly-Ebl, polychromatophilic erythroblasts; ortho-Ebl, orthochromatic erythroblasts.
described that the blood group A antigen was expressed on basophilic-erythroblasts, but not on proerythroblasts. Our studies showed that the blood group A antigen was expressed on the cells from aggregates consisting of 32 to 64 cells and that this expression preceded that of GPA, in agreement with the report of Wada et a1.42 Furthermore, it has been reported that HGB, a specific protein in mature erythrocytes, was first synthesized in basophlic erythroblasts and preceded the expression of GPA.41 Our results were exceedingly consistent with their observations. Figure 3 illustrates the possible order of appearance of cell surface antigen markers in the proliferation, differentiation, and maturation of the erythroid lineage cells based on the present data. Further studies will need to clarify the functional and physiological roles of these changes in cell surface antigen expressions during proliferation and differentiation of human BFU-E. For personal use only. For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From
